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Building the Components of the Artificial Pancreas
In the 1970s, the insulin infuser was the first component of the AP developed, resulting in current miniaturized, safe, and reliable insulin pumps, including catheter-free models, devices equipped by bolus calculators that assist patients in decisions for insulin doses, sensor-augmented pumps, and fully implantable systems allowing intraperitoneal insulin delivery. When used as "open-loop" systems, i.e., requiring patient action to command insulin infusion, insulin pumps have been demonstrated to be more effective in glucose control than multiple daily insulin injections and safer in terms of prevention of severe hypoglycemia. 1 Insulin pumps are nowadays commonly adopted as a convenient wearable tool for diabetes therapy by patients with type 1 diabetes in the developed parts of the world.
Glucose monitoring was limited to frequent self-monitoring of blood glucose through finger sticks until continuous glucose monitoring (CGM) systems became available in the clinical field in 1999. Based on enzymatic measurement of glucose levels in the subcutaneous interstitial fluid, CGM devices provide increasingly accurate estimations of blood glucose levels thanks to continuous improvements in the biocompatibility of the inserted "sensing needle," in signal filtering and in calibration procedures. Some CGM systems reach a mean absolute relative difference between sensor glucose and blood glucose gradually closer to 10%, over the whole physiological glucose range. When connected to or combined with an insulin pump, CGM systems allow further improvement in hemoglobin A1c levels and, thanks to warning alarms of glucose deviations out of a set range, can reduce occurrence of hypoglycemia. 2 Since 2006, developments have focused on the controller component of the AP toward creation of a safe and effective closed-loop insulin delivery system. 3 This task represents a true challenge, because adjustment of insulin delivery has to take into account a 30-60 min delay of insulin action when infused in the subcutaneous tissue and a 1-5 min delay in glucose assessment by the CGM device when measured in the interstitial fluid. Studies are underway using intraperitoneal and inhaled insulin delivery in an attempt to mimic both the onset and offset of endogenous insulin action. [4] [5] [6] Because of the reduced occurrence of interfering events during nighttime sleep, especially in a controlled hospital setting, most algorithms have succeeded in keeping glucose in a safe range during this period. As a matter of fact, the controller only needs to intervene in case of gradual deviations of glucose toward hypoglycemia or hyperglycemia while basal insulin infusion is set according to usual patient needs. Mealtime periods and exercise bouts are much more challenging for the controllers because of quick variations in glucose levels that need to be anticipated, prevented, or corrected. In this frame, model-predictive controllers have shown their unique ability to reduce hyperglycemic deviations with no later hypoglycemia, thanks to the development of insulin infusion "brakes" in addition to the main control algorithm so that prevention of hypoglycemia comes first. Controller models could combine a reduction of mean blood glucose level and an increased time spent in a safe glucose range versus openloop insulin infusion in a hospital setting. 7
Moving to Outpatient Artificial Pancreas: A Step-by-Step Approach
Expanding the use of these AP systems in daily life opens a "new frontier." Indeed, moving to ambulatory conditions creates instability at many levels: variations of insulin needs due to any stressful physical or psychological event, possible physical stress at the sensor and at the infusion sites, physical constraints to communication between devices, and variable attention paid by the patient to the functioning of the system.
To accommodate such a changing environment, the first move toward outpatient use of AP needs an intermediary step: "home-like" environment. Early experiences reported with an AP in outpatients have followed this mode: hotel, diabetes camp, resort villa. [8] [9] [10] Closing the loop step-by-step is another component of this new adventure. Initially, closed-loop can be considered at nighttime only or during excursions to town with technicians or nurses as "body guards," while daytime activities can be covered by a more relaxed hyper/hypo mitigation controller. The goal of these feasibility studies has been to identify the weak links that may corrupt the system's function and to describe the procedures needed to solve the occurring issues, such as defaulting to patient self-management of the insulin pump as the fallback mode. Moving to "control-to-range" at all times will represent the next step.
Patient selection for AP use in outpatient conditions becomes a hot topic, and prolonged experiments are now designed. Although the AP is expected to bring ultimately the most to patients who hardly manage diabetes due to limited compliance to glucose monitoring and poor decision ability in adjusting insulin delivery, initial candidates for an outpatient AP will likely be patients deeply involved in diabetes care. Indeed, the first prototypes for an outpatient AP will request sufficient skills in device use and a thorough attention paid by the enrolled patients in order to detect early system failures, to refer to the monitoring team as soon as needed, and to comply to fallback or correction procedures when applicable. The inclusion criteria for the first sustained outpatient use of AP will comprise several months of insulin pump therapy, some experience with CGM use, and a good ability in being trained to manage devices and eventual system failures. Once these initial trials are accomplished, first indications for an outpatient AP will likely include patients who fail to reach stable glucose control either because of overzealous dose adjustments that increase the occurrence of hypoglycemia or, on the contrary, because of pusillanimous behavior toward tuning insulin delivery, resulting in sustained hyperglycemia. Thanks to the decisions taken by the controller, glucose control should be significantly improved in these patient profiles. Poorly compliant patients with reluctance for training and low involvement in diabetes management will not be good candidates for outpatient AP as long as contributions will be expected from the patient, e.g., for meal announcement or for correction procedures in case of system warning of expected out-of-range glucose deviation beyond the ability of the controller to prevent it by itself.
A New Diabetes Ecosystem
In terms of technology, a parallel objective is to make the AP system compatible with personal, social, and professional life, i.e., prevent "astronaut suit" mode. The various criteria to fulfill can be summarized as a list of expected features for outpatient AP: discrete, wearable, wireless, user-friendly, monitored, and, ultimately, integrated while keeping safety and efficacy of glucose control as the leading objectives. So far, the first approach has been to reduce the size of the control platform from the laptop used in the hospital setting to a smartphone or tablet-like device. 8, 10 This discrete and wearable format is combined with an easy-to-manage interface that provides online the key information on glucose control, system functioning, and potential need for intervention. The reliability and stability of the connections between this platform, the insulin pump, and the CGM system have emerged as crucial elements to be consolidated. The move toward wireless connections appears as the key objective, including a sufficient range for communication between the devices. Given that the power sources of these devices need to be stable, there is a need to develop energy-sparing communication modes to prevent recurrent battery replacements, which are incompatible with everyday life. Early trials of portable outpatient AP have been aided by remote monitoring systems that allow distant monitoring of the AP system as an added safety measure. 10 Ultimately, the AP will move to a vertically integrated system that includes local functions running on devices near the subject and global functions executed in the cloud. Figure 1 presents a schematic of such an AP system and outlines its key functions:
(1) At the base of the AP ecosystem is a medical-grade operating environment, which will ensure the proper use of the AP as an outpatient medical device. System security, the security of communications, priority power management, and other basic functions will be embedded at this level.
(2) The core of the local AP functions is based on a local database service that handles communication with peripheral devices (e.g., sensors, patch pumps, or others) and ensures data availability and integrity for the operation of various levels of closed-loop control.
(3) The closed-loop control functions reside in a modular system 3 that can execute various functions, depending on the desired configuration. The first key module is safety, which is responsible for monitoring the patient, preventing hypoglycemia via insulin attenuation or glucagon injection, and other critical functions.
(4) At higher control levels, control-to-range or controlto-target modules will ensure optimal insulin or dual-hormone delivery to keep the patient within a predetermined range or bring blood glucose levels to a desired target.
(5) The local functions of the AP ecosystem are communicated to the patient via patient-oriented user interface, which needs to be developed in human-factor studies and with the help of experts in interface design. One example included in Figure 1 is the user interface of the DiAs (diabetes assistant platform for artificial pancreas) system used in early feasibility outpatient studies. 8, 10 It is likely that local functions 1-3 will reside and will be executed by a sensor-augmented insulin pump. Functions 4 and 5 could reside on the pump as well or could be distributed between the pump and a companion device, such as a smartphone-an approach taken by the early feasibility studies. 8, 10 The global function of the AP ecosystem will reside in the cloud and could range from straightforward real-time remote monitoring already employed in some studies 10 to remote AP diagnostics, telemedicine, and data mining, all of which are likely to be built in the future. The advantages of a well-designed global cloud component are evident and range from the ability to alert relatives or emergency responders about arising critical situations to rapid database searches and pattern recognition, assisting patients and health care providers with their decision making.
In summary, the integration of critical AP ecosystem functions into one device and the further distribution of less critical functions to companion devices or to the cloud, as well as the availability of very-fast-acting insulin solutions and glucose sensors with high accuracy, will ultimately provide patients with access to reliable optimal diabetes control. 
